The transient receptor potential (TRP) channel TRPM3 is a calcium-permeable cation channel activated by heat and by the neurosteroid pregnenolone sulfate (PregS). TRPM3 is highly expressed in sensory neurons, where it plays a key role in heat sensing and inflammatory hyperalgesia, and in pancreatic  cells, where its activation enhances glucose-induced insulin release. However, despite its functional importance, little is known about the cellular mechanisms that regulate TRPM3 activity. Here, we provide evidence for a dynamic regulation of TRPM3 by membrane phosphatidylinositol phosphates (PIPs). Phosphatidylinositol 4,5-bisphosphate (PI[4,5]P 2 ) and ATP applied to the intracellular side of excised membrane patches promote recovery of TRPM3 from desensitization. The stimulatory effect of cytosolic ATP on TRPM3 reflects activation of phosphatidylinositol kinases (PI-Ks), leading to resynthesis of PIPs in the plasma membrane. Various PIPs directly enhance TRPM3 activity in cell-free inside-out patches, with a potency order PI(3,4,5)P 3 > PI(3,5)P 2 > PI(4,5)P 2 ≈ PI(3,4)P 2 >> PI(4)P . Conversely, TRPM3 activity is rapidly and reversibly inhibited by activation of phosphatases that remove the 5-phosphate from PIPs. Finally, we show that recombinant TRPM3, as well as the endogenous TRPM3 in insuloma cells, is rapidly and reversibly inhibited by activation of phospholipase C-coupled muscarinic acetylcholine receptors. Our results reveal basic cellular mechanisms whereby membrane receptors can regulate TRPM3 activity.
I N T R O D U C T I O N
TRPM3 is a calcium-permeable nonselective cation channel belonging to the melastatin subfamily of TRP channels (Grimm et al., 2003; Oberwinkler and Philipp, 2014) . TRPM3 is highly expressed in a subset of sensory neurons, and its activation by the neurosteroid pregnenolone sulfate (PregS) or by noxious heat evokes pain in mice (Vriens et al., 2011) . Importantly, TRPM3-deficient mice failed to develop inflammatory heat hyperalgesia, suggesting that the channel may be sensitized in the context of inflamed tissue (Vriens et al., 2011) . TRPM3 is also highly expressed in pancreatic  cells, where its activation by PregS enhances glucose-induced insulin release (Wagner et al., 2008 (Wagner et al., , 2010 , as well as in variety of other tissues, where its function remains to be fully elucidated (Oberwinkler and Philipp, 2014) . To better understand the (patho)physiological roles of TRPM3, detailed knowledge of its cellular regulation is essential. Currently very little is known about possible intracellular modulators of TRPM3. Biochemical evidence suggested Ca 2+ -dependent binding of calmodulin and S100A1 to the N terminus of TRPM3, but the functional impact Correspondence to Thomas Voets: t h o m a s . v o e t s @ m e d . k u l e u v e n . b e ; or Johannes Oberwinkler: j o h a n n e s . o b e r w i n k l e r @ u n i -m a r b u r g . d e
Abbreviations used in this paper: PI(4,5)P 2 , phosphatidylinositol 4,5-bisphosphate; PIP, phosphatidylinositol phosphate; PregS, pregnenolone sulfate; TRP, transient receptor potential.
of this interaction on TRPM3 function is unknown (Holakovska et al., 2012) .
Signal transduction events modulating TRP channels frequently involve direct interaction between the channels and regulatory molecules, including plasma membrane phosphoinositides such as phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ; Hilgemann et al., 2001; Runnels et al., 2001; Nilius et al., 2008; Suh and Hille, 2008; Rohacs, 2014) . Because plasma membrane levels of phosphoinositides are under the control of phospholipases, phosphatidylinositol kinases and phosphatidylinositol phosphatases, this represents an important general mechanism to modulate TRP channels function downstream of metabotropic receptor stimulation Nilius et al., 2008) . Here, we provide evidence for a direct regulation of TRPM3 by PIPs. Our results link TRPM3 to various cellular signaling pathways downstream of receptor stimulation, which may shape sensory processes, insulin release and other cellular events involving TRPM3.
Regulation of the transient receptor potential channel TRPM3 by phosphoinositides patch pipette to activate TRPM3. All measurements were performed at room temperature. Liquid junction potentials were corrected for off-line.
Fluorescence microscopy Fura-2-based ratiometric intracellular Ca 2+ measurements were performed as described previously (Wagner et al., 2008; Vriens et al., 2011) . In brief, cells were loaded with 2 µM Fura-2 AM dye in culture medium for 30-45 min at 37°C, and intracellular Ca 2+ concentration was monitored as the ratio of fluorescence intensities upon illumination at 340 and 380 nm using an MT-10 illumination system and Olympus xcellence pro software (Olympus). Experiments on HEK-M3 cells were performed in extracellular solution containing 150 mM NaCl, 1 mM MgCl 2 , 2 mM CaCl 2 , and 10 mM HEPES buffered to pH 7.4 (NaOH).
Translocation of PLC 1 PH-GFP from plasma membrane to cytosol was monitored on an Axio Observer.Z1 microscope (Carl Zeiss) equipped with a 100× oil objective having numerical aperture of 1.45 and a Hamamatsu Orca-R2 camera. CFP-, GFP-, and RFP-fluorescence were measured sequentially using 405-, 488-, and 561-nm excitation lasers and tailor-made band-pass filters, and time series of images at 6-s intervals were recorded. At the start of the experiment, the focus was set such that PLC 1 PH-GFP was observed as a clear border surrounding the cell image. Constant focus was ensured using the Definite Focus module (Carl Zeiss). Translocation of PLC 1 PH-GFP was quantified as the ratio between the GFP fluorescence in a region of interest covering the center of the cell (excluding the outermost 20%) and the total fluorescence of the cell, and normalized to the ratio before stimulation with rapamycin.
Chemicals
The TRPM3 agonist PregS and TRPM8 agonist menthol were purchased from Sigma-Aldrich. ATP was purchased from Roche. The nonhydrolyzable ATP analogue adenosine-5-[(,)-methyleno] triphosphate (AMPPCP) was obtained from Jena Bioscience and adenosine-5-[(,)-imido]triphosphate (AMPPNP) was purchased from Sigma-Aldrich. Water-soluble diC8 PIPs and diC16 PI(4,5)P 2 were purchased from Echelon, IP 3 was obtained from Sigma-Aldrich, and brain-derived natural PI(4,5)P 2 was obtained from Avanti. Stock solutions of PIPs were reconstituted in H 2 O and stored at 80°C, and they were intensively sonicated before use. Estimated mole fractions in the inner leaflet of the membrane for diC8-PI(4,5)P 2 and diC8-PI(4)P were calculated based on the polynomial functions provided in Collins and Gordon (2013) , which provide a relationship between PIP concentrations in solution and their distribution in artificial liposomes. To scavenge PIPs, poly-L-lysine (PLL) and neomycin were used (both from Sigma-Aldrich). The phosphatidylinositol-3 kinase (PI-3K) inhibitors wortmannin and LY294,002, as well as rapamycin were from LC Laboratories. The mAChR receptors were activated by oxotremorine-M (N,N,N-trimethyl-4-(2-oxo-1-pyrolidinyl)-2-butyn-1-ammonium iodide; Oxo-M) from BioTrend Chemicals.
Statistical analysis
Electrophysiological data were analyzed using WinASCD software (Guy Droogmans). Origin 8.6 (OriginLab Corporation) and SPSS 9.0 (SPSS Inc.) were used for statistical analysis and data display. For statistical comparison, Student's unpaired or paired t tests, or one-way ANOVA with Dunnett or Bonferroni post-hoc test were applied, as appropriate. All data are presented as mean ± SEM.
Online supplemental material
A zip file with the application and information to run the CaBuf program is available at http://www.jgp.org/cgi/content/full/ jgp.201411339/DC1.
M A T E R I A L S A N D M E T H O D S
Cell culture and heterologous expression HEK293T cells stably overexpressing the mouse TRPM32 variant (HEK-M3 cells) or human TRPM8 (HEK-M8 cells) were generated and cultured as described before (Mahieu et al., 2010; Vriens et al., 2011; Drews et al., 2014) . Ins1 cells were cultured in RPMI Medium 1640 supplemented with 10% FBS (both from Life Technologies Ltd.), 1 mM Na-pyruvate, 10 mM HEPES, 1% Penicillin/Streptomycin, and 50 µM -Mercaptoethanol (all supplements from Sigma-Aldrich).
HEK-M3 cells were transiently transfected by various constructs using Mirus TransIT-293 (Mirus Corporation). For transfection, the following constructs were used: Ci-VSP and Ci-VSP C363S (Murata et al., 2005 ; provided by Y. Okamura, Osaka University, Osaka, Japan); mRFP-FKBP-5-ptase-dom, mRFP-FKBP-only, PM-FRB-mRFP, or PM-FRB-CFP and PLC 1 PH-GFP (Varnai et al., 2006;  T. Balla, National Institutes of Health, Bethesda, MD); the M1 muscarinic receptor; and Dr-VSP ; D. Oliver, University of Marburg, Marburg, Germany).
Electrophysiology
Whole-cell, cell-attached, and inside-out patch-clamp recordings were performed using an EPC-10 amplifier and Patchmaster software (HEKA Elektronik; Lambrecht/Pfalz Germany) or an Axopatch 200B amplifier and PClamp software (Molecular Devices). Data were sampled at 5-20 kHz and digitally filtered off-line at 1-5 kHz. Unless mentioned otherwise, the holding potential was 0 mV and cells were ramped every 2 s from 150 to +150 mV over the course of 200 ms. In Ins1 cells and indicated experiments on HEK293 cells, a ramp from 115 to +85 mV was applied from a 15 mV holding potential. When using Dr-VSP, ramps were limited to +45 mV, to avoid activation of the phosphatase during the ramp. Pipettes with final resistances of 2-5 MΩ were fabricated and filled with either extracellular or intracellular solution. The extracellular solution of HEK-M3 cells generally contained 150 mM NaCl, 1 mM MgCl 2 , and 10 mM HEPES buffered to pH 7.4 (NaOH). Because free Mg 2+ in the cytosolic solution inhibits TRPM3 activity (Oberwinkler et al., 2005) -chelating compounds, including ATP, EGTA, and aspartate. The standard intracellular solution contained 100 mM aspartic acid, 45 mM CsCl, 1.144 mM MgCl 2 , 10 mM HEPES, and 10 mM EGTA (pH 7.2 using CsOH). In the solutions containing 2 mM ATP or 2 mM AMPPCP, we further included 2 mM Na 2 ATP (or Na 2 AMPPCP) and increased the total MgCl 2 to 2.99 mM. The Mg 2+ -free intracellular solution contained 100 mM aspartic acid, 45 mM CsCl, 10 mM HEPES, and 10 mM EDTA (pH 7.2 with CsOH). When measuring Dr-VSP and M1 muscarinic receptor transfected HEK-M3 cells, the following solutions were applied: extracellular solution: 145 mM NaCl, 10 mM CsCl, 3 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose pH 7.2 (by NaOH); intracellular solution: 80 mM aspartate, 50 mM CsCl, 10 mM BAPTA (or 5 mM EGTA, as indicated), 10 mM HEPES, 4 mM Na 2 ATP, 3 mM MgCl 2 , and 120 mM CsOH (pH 7.2). In some experiments, Li 4 AMPPNP was substituted for Na 2 ATP and only 1 mM MgCl 2 was added. The extracellular solution for Ins1 cells consisted of 145 mM NaCl, 10 mM CsCl, 3 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM HEPES, 3 mM glucose, and 7 mM d-mannitol, pH 7.2 (by NaOH), and the intracellular solution was the same as in case of Dr-VSP-transfected HEK-M3 cells. In inside-out and cell-attached measurements, 100 µM PregS was added to the 0.7 mM, also restored the TRPM3 activity with a very characteristic biphasic time course (Fig. 1, E and F ). The TRPM3 current recovered only partially during application of ATP, but showed a more complete and long lasting recovery after wash-out of the ATP (115 ± 11%; Fig. 1 , E, F, and I). The biphasic current restoration by ATP could be repeated with similar efficiency within the same patch (Fig. 1 E) . These results can be explained by assuming that Mg-ATP has both an activating and an inhibitory effect on TRPM3 and that the inhibitory effect is rapidly reversible, whereas the activating effect is more long lasting. This interpretation is also supported by the finding that the typical sudden current increase was not observed when patch excision was performed in a solution containing ATP (Fig. 1 G) . A slower but more pronounced current recovery was also observed when using the natural, brain-derived form of PI(4,5)P 2 (10 µM), which contains longer fatty acid chains making it poorly water soluble ( Fig. 1, H and I) . However, the outcome of these experiments was quite variable, due to precipitation and formation of lipid droplets in our aqueous buffers, and the fact that recommended organic solvents to solubilize the natural form of PI(4,5)P 2 often caused disruption of the insideout patches. Application of inositol 1,4,5-triphosphate (I(1,4,5)P 3 ), the polar head group of PI(4,5)P 2 , was fully ineffective at concentrations up to 100 µM (n = 3; <5% recovery; not depicted).
ATP-induced recovery of TRPM3 activity involves resynthesis of PI-phosphates
The robust and long-lasting current restoration after ATP application suggested the involvement of ATPusing enzymes in the restoration of TRPM3 current. Considering that most ATP-consuming enzymes require Mg-ATP as a substrate, we tested the effect of cytosolic ATP in Mg 2+ -free solution. Importantly, under this condition ATP completely failed to restore TRPM3 activity (Fig. 2 A; n = 10). Moreover, the nonhydrolyzable ATP analogue AMPPCP (n = 4) was fully ineffective in restoring TRPM3 activity. These data provide strong evidence that the restoration of TRPM3 activity depends on membranedelimited ATP hydrolysis and on ATP-metabolizing enzymes that remain preserved in inside-out membrane patches. In this respect, phosphatidylinositol-kinases (PI-Ks) such as phosphatidylinositol-4-kinases (PI-4Ks) are known to remain active in cell-free patches, regenerating PI(4,5)P 2 , which is known to regulate the activity of various channels and transporters (Balla, 2001; Hilgemann et al., 2001; Nilius et al., 2008) . Earlier work has also demonstrated that in inside-out patch clamp recordings ATP can restore PI(4,5)P 2 levels in the membrane by stimulating the activity of PI-Ks, which explains the long lasting stimulating effect of ATP on the activity of TRPV6 (Zakharian et al., 2011) , TRPM8 or TRPM4 (Nilius et al., 2006) . To assess whether
R E S U L T S

TRPM3 is regulated by the cellular environment
To assess the influence of the intracellular environment on TRPM3 activity, we performed cell-free inside-out patch clamp measurements in HEK-M3 cells. TRPM3 channels were stimulated by 100 µM PregS applied to the extracellular side via the pipette solution. In the cell attached configuration, before excision of the insideout patch, we measured an outwardly rectifying current, as described earlier (Wagner et al., 2008; Vriens et al., 2014; Fig. 1, A and B) . Outward current amplitudes increased dramatically upon excision of the inside-out patch. The peak TRPM3 current measured at +120 mV showed a large variation in amplitude (from several tens to several hundred of pAs), most probably depending on the actual expression of the channel in the excised membrane patches. Similar experiments performed on nontransfected HEK293T cells (n = 10) or on HEK-M3 when omitting PregS from the pipette solution (n = 10) yielded only small and linear currents that did not increase in amplitude upon patch excision, as described earlier (Vriens et al., 2014) , showing that the pattern described in Fig. 1 represents TRPM3 activity. The current increase upon excision was followed by rapid current run-down ( Fig. 1 A) . The sudden increase of the TRPM3 current amplitude upon excision could be explained by a sudden loss of inhibitory cytoplasmic factors, whereas the subsequent run-down may results from loss cytoplasmic factors that are required for sustaining channel activity. We therefore aimed at finding which regulatory factors influence TRPM3 activity.
PI(4,5)P 2 and ATP restore TRPM3 activity PI(4,5)P 2 is a minor constituent of cellular membranes, representing <1% of the total membrane phospholipids (Czech, 2000) . Nevertheless, PI(4,5)P 2 plays an important role in the regulation of ion channels, including inhibitory and activating effects on several TRP channels. Intracellular ATP is also known to modulate the activity of several TRP channels, in part by influencing the available PI(4,5)P 2 level in the plasma membrane (Rohacs and Nilius, 2007; Voets and Nilius, 2007; Nilius et al., 2008; Rohacs, 2014 ). Thus, we tested the effect of PI(4,5)P 2 and ATP on TRPM3 currents in excised membrane patches. Application of diC8 PI(4,5)P 2 (a watersoluble PI(4,5)P 2 analogue) to the cytosolic side of inside-out patches resulted in a dose-dependent and reversible restoration of TRPM3 currents (Fig. 1, C and D) . At 10 and 50 µM diC8 PI(4,5)P 2 , corresponding to estimated mole fractions of PI(4,5)P 2 in the inner leaflet of the membrane patch of 0.003 and 0.01 (Collins and Gordon, 2013) , recovery amounted to 30 ± 5% and 69 ± 9%, respectively (Fig. 1, C , D, and I). Application of 2 mM ATP to the cytosolic side of the excised membrane patches, at a constant free Mg 2+ concentration of the ATP-induced restoration of TRPM3 activity was due to resynthesis of PI(4,5)P 2 and/or related PI-phosphates, we first tested the effect of poly-L-lysine (PLL) and neomycin, two positively charged molecules that are able to scavenge the negative charges of PI-phosphates, thereby preventing their interaction with membrane proteins (Gamper and Shapiro, 2007; Suh and Hille, 2007; Nilius et al., 2008; Leitner et al., 2011) . We found that, after current restoration by ATP pretreatment, application of PLL (50 µg/ml) or neomycin (5 mM) to the cytosolic side of the excised membrane patches rapidly inhibited the TRPM3 current (Fig. 2, C-E ). Next, we tested whether pharmacological inhibition of enzymes involved in resynthesis of PI-phosphates were able to prevent the restoration of TRPM3 by ATP. First, preapplication of Wortmannin to inside-out patches, at a concentration (50 µM) where it inhibits various kinases (including PI-3K and PI-4K), largely prevented the ATP-evoked TRPM3 current recovery (Fig. 2, F and H) . A similar, robust but incomplete inhibition was obtained with LY294,002, another PI-K inhibitor (Fig. 2, G and H) , at a concentration (300 µM) where it blocks both PI-3K and PI-4K (Knight et al., 2006) . Collectively, these data indicate that the restoration of TRPM3 activity by cytosolic ATP is (at least partly) a result of resynthesis of membrane PIPs through the activity of PI-Ks.
Partial inhibition of TRPM3 by PIP 5-phosphatase
Plasma membrane levels of PI(4,5)P 2 (and of the less abundant PI(3,4,5)P 3 ) can be rapidly and specifically reduced by the activity of 5-phosphatases. To test the effect of depletion of the endogenous PI(4,5)P 2 and PI(3,4,5)P 3 in intact cells, we combined intracellular calcium imaging with the use of a recombinant mRFP-FKBP12 linked PIP 5-phosphatase domain (mRFP-FKBP-5-ptase-dom) that can be directly targeted to the plasma mem brane by a short rapamycin application in the presence of an FRB-coupled membrane linker (PM-FRB-mRFP or PM-FRB-CFP; Varnai et al., 2006) . Application of 1 µM rapamycin led to a rapid decrease in the membrane PI(4,5)P 2 level, as indicated by the rapid translocation from the plasma membrane to the cytosol by the the effect was slower and less pronounced than for TRPM8 tested under identical conditions (24 ± 7% and 55 ± 10% current inhibition after 1 min of rapamycin for TRPM3 and TRPM8, respectively; Fig. 3 , F-H).
To further investigate the role of PIP(4,5)P 2 depletion in the control of TRPM3 activity, we used whole-cell current measurements in HEK-M3 cells expressing Ci-VSP, a voltage-gated PIP 5-phosphatase from Ciona intestinalis (Murata et al., 2005) . The 5-phosphatase activity of this enzyme is coupled to a voltage-sensing domain similar to the voltage sensor domain (S1-S4) of voltage-gated ion channels, such that depolarization activates the phosphatase and results in strong hydrolysis of the phosphate group at the 5 position of PI(4,5)P 2 and PI(3,4,5) P 3 (Murata and Okamura, 2007; Iwasaki et al., 2008; Halaszovich et al., 2009) . In whole-cell patch-clamp measurements, we regulated the activity of Ci-VSP by varying the holding potential between 70 and +90 mV and were reduced by only 20% after prolonged rapamycin treatment (Fig. 3, C and E) . In comparison, mentholinduced Ca 2+ transients in cells expressing TRPM8 along with the rapamycin-inducible system were reduced more rapidly and profoundly after application of 1 µM rapamycin, in line with previous work (Varnai et al., 2006 ; 56 ± 5% reduction after a 2-min application of rapamycin; Fig. 3, D and E) . Overall, these results indicate that depletion of PI(4,5)P 2 by 5-phosphatases can cause a significant but partial inhibition of TRPM3 activity in intact cells. The incompleteness of the inhibitory effect observed may indicate that the PI(4,5)P 2 reduction in intact cells, despite the significant translocation of PLC 1 PH-GFP, is insufficient to cause full inhibition of TRPM3 activity. In whole-cell current measurements using an ATP-containing intracellular solution, the rapamycininducible system was slightly more efficient but the TRPM3 current inhibition was again only partial, and tested TRPM3 activity during short (100-ms) ramps from 150 to +150 mV. The pipette solution contained 2 mM ATP to ensure substrate for PI-Ks to restore PI(4,5)P 2 during the hyperpolarizing intervals. The depolarization partially inhibited the PregS-induced TRPM3 currents in cells expressing wild-type Ci-VSP (37 ± 5% inhibition), but not in cells expressing the Ci-VSP C363S mutation, which results in a loss-of-function phenotype of the phosphatase catalytic domain (Fig. 4, A-D and G) . This indicates that the phosphate group at the 5 position of PI(4,5)P 2 and/or PI(3,4,5)P 3 is required to sustain maximal TRPM3 activity. Because Ci-VSP already shows a marked activation at 0 mV, it is possible that the applied voltage ramp caused substantial PI(4,5)P 2 depletion, even at 70 mV holding potential. Therefore, we performed similar experiments using the voltage-activated phosphatase of the Danio rerio (Dr-VSP), whose activation curve is shifted to more positive voltages, with significant activity requiring depolarization >50 mV . In these experiments, we limited the voltage ramp to +45 mV and activated Dr-VSP by a 1-s depolarizing prepulse (+100 mV) before each ramp in the test period. Under this condition, TRPM3 was more effectively inhibited (67 ± 3% inhibition) than with Ci-VSP, but nevertheless 30% of the current remained (Fig. 4 
, E-F and H).
It is important to mention that the end-products of the 5-phosphatase reaction, especially the most common metabolite PI(4)P, may also influence TRP channel activity, as was described for TRPV1 and TRPM4 (Nilius et al., 2006; Lukacs et al., 2007 Lukacs et al., , 2013 . Importantly, in the presence of intracellular ATP, the currents rapidly recovered after activation of Ci-VSP and Dr-VSP. However, when ATP in the intracellular solution was substituted by the (H) Analysis of the effect of rapamycin-induced PI(4,5)P 2 breakdown in HEK cells expressing either TRPM3 or TRPM8. PregS-and menthol-induced currents measured in the presence of rapamycin were normalized to the current measured just before the application of rapamycin. P values were obtained by one-way ANOVA and Bonferroni post-hoc test, comparing with the mRFP-FKBPonly condition or as indicated.
Recovery of TRPM3 activity by different PIPs
The finding that depletion of endogenous PI(4,5)P 2 , using a variety of techniques, leads to only a partial inhibition of TRPM3 activity prompted us to test the effect of other PIPs, which, although normally present at lower levels than PI(4,5)P 2 , may support TRPM3 activity. Therefore, we compared the effect of the water-soluble (diC8) forms of PI(4)P, PI(3,4)P 2 , PI(3,5)P 2 , PI(4,5)P 2 and PI(3,4,5)P 3 at a fixed concentration (50 µM) on the nonhydrolyzable analogue AMPPNP, recovery was abolished, indicating that ATP hydrolysis is essential for the current restoration after 5-phosphatase activation (Fig. 4,  F and H) . Collectively, the results using various 5-phosphatases indicate that depletion of plasma membrane PI(4,5)P 2 (and possible PI(3,4,5)P 3 ) levels cause a significant but incomplete inhibition of TRPM3 activity, and indicate that, in intact cells, the effects of PI(4,5)P 2 depletion are counteracted by ATP-dependent resynthesis. Representative time course of whole-cell currents measured at +40 mV in a cell coexpressing TRPM3 and Dr-VSP, illustrating the effect of changing holding potential from 60 to +100 mV (white and gray background, respectively) using an intracellular solution containing 4 mM ATP. (F) Same as E, but using an intracellular solution containing 4 mM AMPPNP. (G) Comparison of relative currents measured at +120 mV and with a depolarizing holding potential (+90 mV) in cells expressing Ci-VSP and Ci-VSP-C363S. Currents were normalized to the currents measured at a 70-mV holding potential. P-values were obtained by unpaired Student's t test. (H) Comparison of relative currents measured at +40 mV and with a depolarizing holding potential (+100 mV) in cells expressing TRPM3 without (control) or with Dr-VSP, for the conditions described in E and F. Current were normalized to the currents measured at a 60-mV holding potential. P-values were obtained by oneway ANOVA, with Bonferroni post-hoc.
Whereas the exogenous diC8 PI(4,5)P 2 resulted in a partial restoration of TRPM3 activity, the limited results using brain-derived PI(4,5)P 2 raised the possibility that channel activity can be more efficiently restored by PI(4,5)P 2 forms with longer acyl chains. This is also supported by our findings that ATP was superior to diC8 PI(4,5)P 2 in restoring TRPM3 activity. Application of diC16 PI(4,5)P 2 , a PI(4,5)P 2 analogue with longer acyl chains, indeed resulted in a very robust potentiation of TRPM3 currents (Fig. 5, C and D) , far beyond peak current levels upon patch excision, and this potentiating effect did not clearly saturate at the maximal concentrations that could be obtained in solution. To compare the relative potency of the different PIP isoforms, we estimated the concentration at which they were able to restore current levels to 100% of the TRPM3 current upon excision, based on concentration-response relationships. This analysis indicates that diC16 PI(4,5)P 2 can restore the current level upon excision at a concentration as low as 3.5 µM, compared with 14.5 µM for diC8 PI(3,4,5)P 3 and 100 µM for diC8 PI(4,5)P 2 (Fig. 5 D) . recovery of TRPM3 activity in inside-out patches. This revealed that PI(4)P, at an estimated mole fraction in the inner leaflet of the membrane of 0.02 (Collins and Gordon, 2013) , had only a minimal effect (14 ± 5% recovery) and that PI(3,4)P 2 (44 ± 9%) was almost equally effective as PI(4,5)P 2 (69 ± 9%), whereas PI(3,5)P 2 (165 ± 68%) and especially PI(3,4,5)P 3 (219 ± 56%) were more effective than PI(4,5)P 2 (Fig. 5, A and B) . In particular, PI(3,4,5)P 3 already had a marked effect at 5 µM, and at 50 µM it evoked a current amplitude that was on average twofold larger than the current amplitude upon excision, or of the level of current recovery induced by PI(4,5)P 2 or 2 mM ATP (Fig. 5) . These results indicate that TRPM3 is rather nonselective toward PIPs. Nevertheless, it is questionable whether the more effective PI(3,4,5)P 3 may contribute to the sustained level of TRPM3 activity upon depletion of PI(4,5)P 2 , as its concentration in the plasma membrane, even in stimulated cells, does not exceed a few percent of that of PI(4,5)P 2 . Moreover, PI(3,4,5)P 3 is hardly detectable in nonstimulated cells (Czech, 2000; Knight et al., 2006) . (D) Dose dependence of the effect of diC8 PI(4,5)P 2 , diC8 PI(3,4,5) P 3 and diC16 PI(4,5)P 2 . Currents were normalized to the peak current upon excision (indicated by the gray line). n = 2-21/data point. Solid lines represent a logistic function fitted to the data. Since saturation could not be obtained at the highest testable concentrations, reliable EC 50 values could not be obtained. The inset shows a magnification of the lower part of the dose-response graph, allowing estimation of the concentrations required to obtain 100% current recovery.
activity. In these experiments, 10 mM BAPTA was included in the pipette solution to fully suppress increases in cytosolic Ca
2+
. Similar to the voltage-activated phosphatases, activation of the M1 mAChR resulted in a significant but partial decrease of PregS-evoked TRPM3 currents (47 ± 8% decrease in TRPM3 current, compared with 4 ± 6% reduction in cell that did
Partial inhibition of TRPM3 by PLC-coupled receptor activation
Finally, we asked whether activation of PLC-coupled receptors can influence TRPM3 activity. To test this, we overexpressed the M1 muscarinic acetylcholine receptor (mAChR) in HEK-M3 cells and investigated the effect of the mAChR agonist Oxo-M on TRPM3 TRPM3 activity. In this study, we provide evidence for a dynamic regulation of TRPM3 by plasma membrane PIPs. In particular, we demonstrate that ATP applied to the cytosolic side exhibits a strong stimulatory effect on TRPM3 activity, which requires the activity of PI-kinases resulting in the (re)synthesis of PIPs. Moreover, we found that PI(4,5)P 2 and other PIPs have a direct stimulatory effect on TRPM3 activity in cell-free inside-out patches. Finally, we show that various maneuvers that lead to an acute reduction of the plasma membrane levels of PIPs, especially the most abundant one (PI[4,5]P 2 ), including application of nonspecific PIP scavengers, activation of 5-phosphatases, and activation of PLC-coupled receptors, lead to a reduction of TRPM3 activity.
In our patch clamp recordings, we observed that TRPM3 activity transiently increased, in comparison to the current level in the cell-attached mode, upon insideout patch excision, and subsequently decayed to a level comparable or below the current level measured in cell attached configuration. Our data show that peak current levels can be restored by application of Mg-ATP to the cytosolic side of the patch, which we attribute to restoration of plasma membrane levels of PI(4,5)P 2 and other PIPs. This conclusion is based on the findings that current restoration (a) required hydrolysable ATP in the presence of Mg 2+ , (b) was reversed by agents that scavenge PIPs, (c) was inhibited by pharmacological block of PI-K activity, and (d) was mimicked by direct application of PIPs to the cytosolic side of the patch. A similar ATP-driven restoration of PI(4,5)P 2 levels in the plasma membrane has been reported to restore the activity of various other TRP channels, including TRPM8, TRPM4, TRPA1, or TRPV6 (Rohács et al., 2005; Nilius et al., 2006 Nilius et al., , 2008 Karashima et al., 2008; Zakharian et al., 2011) . The initial rapid increase in current amplitude upon patch excision most likely reflects the sudden loss of one or more cytosolic factors that negatively regulate TRPM3 activity, and we hypothesize that Mg-ATP itself may be such an inhibitory factor. In line with this, we consistently observed (a) that current restoration by Mg-ATP exhibited a clear "off" response, suggesting an inhibitory effect of Mg-ATP that is rapidly reversed upon wash-out, whereas the Mg-ATP-induced restoration of PIP levels is more long-lasting, and (2) that the presence of Mg-ATP abolished the characteristic rapid current increase upon patch excision.
The use of inside-out patches allowed us to directly compare the ability of various PIPs in restoring TRPM3 activity. Applying the water soluble diC8 forms, we found that PI(3,4,5)P 3 was by far the most effective, able to provoke current levels that exceeded the peak current upon excision by more than twofold. PI(3,5)P 2 was also superior to PI(4,5)P 2 , PI(3,4)P 2 displayed almost the same efficacy as PI(4,5)P 2 , and PI(4)P was practically ineffective. The PIP selectivity profile (PI(3,4,5)P 3 > PI(3,5)P 2 > PI(4,5)P 2 PI(3,4)P 2 PI(4)P) of TRPM3 is not express the M1 receptor; Fig. 6, A-C) . The addition of 10 mM BAPTA to the intracellular solution rapidly binds all Ca 2+ flowing into the cytosol, and thereby strongly suppresses all Ca 2+ -dependent downstream signaling events. However, these strong buffering conditions may also impair PLC-mediated PI(4,5)P 2 degradation, as was shown for M1 mAChR regulation of KCNQ channels (Horowitz et al., 2005) . Therefore, we repeated these experiments using 5 mM EGTA, resulting in a less stringent and slower buffering of intracellular Ca
2+
. In this case, we experienced a marked but incomplete rundown of TRPM3 currents upon repeated PregS application, consistent with our previous findings (Vriens et al., 2011 (Vriens et al., , 2014 . To minimize the interference of channel run-down, we first applied three pulses of PregS, coapplied Oxo-M during the fourth application, and normalized this last response to the response to the third PregS application (Fig. 6, D -E) . Under these conditions, M1 receptor activation evoked a current inhibition that was slightly more pronounced in comparison to the 10 mM BAPTA condition (61 ± 7% decrease in the presence vs. 13 ± 3% in the absence of M1), but still incomplete.
Because activation of recombinant M1 mAChR effectively inhibited TRPM3 responses, we investigated the role of endogenous PLC-coupled signal transduction in the control of native TRPM3. To this end, we investigated the PregS-evoked TRPM3 responses in the rat insulinomaderived Ins1 cell line, which endogenously expresses functional TRPM3 (Wagner et al., 2008) . In Ins1 cells, activating the endogenous mAChRs with Oxo-M (again in the presence of 10 mM BAPTA) also resulted in a marked inhibition of the PregS-induced TRPM3 currents (Fig. 6, F-H) . This inhibition was reversible in the presence of ATP in the intracellular solution. Collectively, these results indicate that both overexpressed and endogenous TRPM3 can be dynamically inhibited by receptor-mediated activation of PLC, independently of intracellular Ca 2+ signals.
D I S C U S S I O N
In recent years, TRPM3 has emerged as a nociceptor channel highly expressed in a subset of sensory neurons, playing a key role as a primary sensor of acute heat and specific chemical stimuli. Importantly, there is evidence that TRPM3 is involved in the development of inflammatory hyperalgesia and that pharmacological inhibition of TRPM3 may alleviate neuropathic pain, suggesting that TRPM3 activity is modulated by signaling processes that are active in the context of inflammation or nerve injury (Vriens et al., 2011; Straub et al., 2013; Chen et al., 2014) . Moreover, TRPM3 was found to be functionally expressed in pancreatic  cells, where its activity may be coupled to insulin secretion (Wagner et al., 2008) . However, little was known about the cellular mechanisms and signaling pathways that regulate
In addition to 5-phosphatase activity, PI(4,5)P 2 levels can rapidly drop as a result of the activity of PLC enzymes. Different isoforms of PLC are activated by various processes, in particular activation of Go/Gq-coupled GPCRs, tyrosine kinase receptors and rises in intracellular Ca 2+ concentration (Rebecchi and Pentyala, 2000) . Rapid depletion of PI(4,5)P 2 by PLC activation has been shown to quickly influence the activity of TRPM4 (Nilius et al., 2006) , TRPM8 (Rohács et al., 2005; Liu and Qin, 2005) , or TRPV1 (Chuang et al., 2001 ) activity. Similarly, our present results show that activation of the PLCcoupled M1 muscarinic acetylcholine receptor caused a marked block of TRPM3 upon heterologous expression in HEK cells. Moreover, we demonstrate that the endogenous TRPM3 current in Ins1 cells is reversibly inhibited by activation of endogenous mAChR, independent of the release of Ca 2+ from intracellular stores, providing a first example of TRPM3 regulation downstream of the activation of a metabotropic membrane receptor. Although our results are in line with a mechanism whereby PLC-coupled receptors act on TRPM3 via PI(4,5)P 2 depletion, it cannot be excluded that intracellular Ca 2+ release and/or activation of protein kinase C (PKC) downstream of PLC activation modulate TRPM3 activity as well.
In the general context of PI(4,5)P 2 regulation of ion channels, our results suggest that TRPM3 has a low specificity and relatively high affinity toward PI(4,5)P 2 . However, a simple comparison of dose-response curves for the effect of PI(4,5)P 2 on channel activity, when applied to the cytosolic side of a membrane patch, may not be the best way to compare PI(4,5)P 2 affinities in a physiologically meaningful way. Indeed, as we show here, such apparent affinities can depend strongly on the lengths of the acyl chains of PI(4,5)P 2 , which vary between studies. Moreover, patch excision can lead to loss of cellular factors that affect channel regulation or PIP metabolism. Therefore, sensitivity to depletion of endogenous PI(4,5)P 2 in intact cells or whole-cell recordings is arguably a better way to compare PI(4,5)P 2 affinity in a physiologically relevant manner . In the case of the related TRP channels TRPM6 and TRPM8, depletion of cellular PI(4,5)P 2 using either the rapamycin-inducible 5-phosphatase system, Ci-VSP or PLC-coupled receptor activation causes an almost complete inhibition (>90%) of the whole-cell currents (Rohács et al., 2005; Varnai et al., 2006; Xie et al., 2011; Yudin et al., 2011) . The partial inhibition of TRPM3 activity, typically not >50%, which we observed with these same PI(4,5)P 2 -depleting maneuvers suggests that TRPM3 has a higher affinity toward membrane PI(4,5)P 2 than these other TRPM channels. In addition, our results indicate that PIPs other than PI(4,5)P 2 can restore TRPM3 activity, which may also contribute to the sustained currents after strong PI(4,5)P 2 depletion. The same PI(4,5) P 2 -depleting tools have also been extensively used to clearly distinct from that of related TRPM channels TRPM8 and TRPM4, which exhibit a clear selectivity for PI(4,5)P 2 versus other PIPs (Rohács et al., 2005; Nilius et al., 2006) . This difference in PIP selectivity may be reflected in a different sensitivity to cellular signals. For instance, to our knowledge, TRPM3 shows the highest selectivity toward PI(3,4,5)P 3 among all TRP channels. This raises the possibility that increases in cellular PI(3,4,5)P 3 levels, which can be evoked by receptor-mediated activation of PI-3K, may enhance TRPM3 activity in stimulated cells. Although cellular PI(3,4,5)P 3 levels, even following stimulation of PI-3K, do not exceed a few percent of the PI(4,5)P 2 levels (Czech, 2000) , localized rises in PI(3,4,5)P 3 may have an impact on TRPM3 activity. Clearly, further research is required to establish whether activation of PI-3K, e.g., after stimulation of neurotrophin receptors, can enhance TRPM3 activity in sensory neurons or other cell types.
To selectively assess the consequences of PI(4,5)P 2 depletion in whole cells, we used various 5-phosphatases that can be rapidly switched on and off, either by changing the membrane potential (Ci-VSP and Dr-VSP; Murata et al., 2005; Murata and Okamura, 2007) or by rapamycin-induced targeting to the plasma membrane (FKBP-5-phase; Varnai et al., 2006) . In whole-cell patch clamp measurements, voltage-dependent activation of the VSPs resulted in an immediate but incomplete inhibition of TRPM3 current, which was rapidly reversed in the presence of intracellular ATP but not when ATP was substituted by a nonhydrolysable analogue. Depleting the endogenous PI(4,5)P 2 by using the rapamycin-induced targeting of a 5-phosphatase to the plasma membrane also resulted in a significant decrease of TRPM3 responses. However, under similar conditions, inhibition of TRPM8 activity by 5-phosphatase activity was much faster and more pronounced. The fact that maximal activation of 5-phosphatases consistently resulted in only a partial inhibition of TRPM3 indicates that TRPM3 has a relatively high affinity for membrane-associated PI(4,5) P 2 , such that the low level of PI(4,5)P 2 that remains after 5-phosphatase activation is sufficient to sustain significant channel activity. Whereas results obtained using the diC8 form of PI(4,5)P 2 seemed to argue against such a high affinity, our findings that the long acyl chain-containing diC16 PI(4,5)P 2 and natural brainderived PI(4,5)P 2 can restore current levels at low micromolar concentrations are consistent with such a relatively high affinity. For instance, diC16 PI(4,5)P 2 restored 100% of the TRPM3 current upon excision at concentrations as low as 5 µM, and at higher concentrations we observed currents that were several-fold larger than the current upon excision. Considering the relative promiscuity of TRPM3 toward various PIPs, we cannot exclude the possibility that PIPs other than PI(4,5)P 2 , such as PI(3,4)P 2 , may also contribute to sustaining normal TRPM3 activity.
